A DNA fragment from Microbacterium liquefaciens AJ 3912, containing the genes responsible for the conversion of 5-substituted-hydantoins to -amino acids, was cloned in Escherichia coli and sequenced. Seven open reading frames (hyuP, hyuA, hyuH, hyuC, ORF1, ORF2, and ORF3) were identified on the 7.5 kb fragment. The deduced amino acid sequence encoded by the hyuA gene included the N-terminal amino acid sequence of the hydantoin racemase from M. liquefaciens AJ 3912. The hyuA, hyuH, and hyuC genes were heterologously expressed in E. coli; their presence corresponded with the detection of hydantoin racemase, hydantoinase, and N-carbamoyl -amino acid amido hydrolase enzymatic activities respectively. The deduced amino acid sequences of hyuP were similar to those of the allantoin (5-ureido-hydantoin) permease from Saccharomyces cerevisiae, suggesting that hyuP protein might function as a hydantoin transporter.
Optically pure D-or L-amino acids are important intermediates in the production of various chemical and pharmaceutical substances. 1, 2) Stereoselective hydrolysis of D,L-5-monosubstituted hydantoin compounds is a widely used method of obtaining amino acids of high optical purity. 3, 4) In the stereoselective method, hydantoin compounds, which can be chemically synthesized in many cases, 5) are used as the initial substrates. These are first hydrolyzed by hydantoinases to form N-carbamoyl--amino acids, then converted to the corresponding D-or L-amino acids by N-carbamoyl -amino acid amido hydrolases (N-carbamoylases). The stereoselectivities of the hydantoinases and/or N-carbamoylases play an essential role in determining the optical purity of the resulting amino acids, but the racemization of hydantoin is a rate limiting step that results in unacceptably high levels of residual substrates. In order to avoid this disadvantage, it is necessary to improve the effectiveness of hydantoin racemization during the process. Hydantoin racemases (HRases) are the enzymes responsible for catalyzing the racemization of hydantoins, and can be used in addition to hydantoinases and Ncarbamoylases to improve production efficiency.
HRase proteins are known to occur in several microorganisms, including Pseudomonas sp. NS761, Arthrobacter aurescens DSM 3747, Agrobacterium tumefaciens C58, and Sinorhizobium meliloti CECT 4114. [6] [7] [8] [9] [10] Recently, we also isolated a new HRase protein from Microbacterium liquefaciens AJ 3912 (MHR). 11) This strain was first isolated as a potent producer of L-amino acids from the corresponding DL-5-substituted-hydantoins, and is also known to possess both a D,L-nonstereoselective hydantoinase (MHH) and a L-stereoselective N-carbamoylase (MCH). [12] [13] [14] [15] In this paper, we describe the organization and heterologous expression of the genes encoding these three enzymes, i.e., hyuH (encoding MHH), hyuC (encoding MCH), and hyuA (encoding MHR).
Materials and Methods
Bacterial strains. M. liquefaciens AJ 3912 was used as the test strain. Escherichia coli JM 109 (Takara Bio, Ootsu, Japan) was also used for the cloning and expression studies.
Culture media and conditions. CM2G medium, containing 10 g/l D-glucose, 5 g/l yeast extract, 5 g/l peptone, and 10 g/l NaCl (pH 7.0) was used for cultivation of M. liquefaciens. To obtain a source of chromosomal DNA, the bacteria were cultured in this y To whom correspondence should be addressed. Fax: +81-44-244-6581; E-mail: shunichi suzuki@ajinomoto.com Abbreviations: BH, benzylhydantoin; CP, N-carbamoylphenylalanine; HRase, hydantoin racemase; IPTG, isopropyl--D-thiogalactopyranoside; MCH, N-carbamoyl -amino acid amido hydrolase from Microbacterium liquefaciens AJ 3912; MHH, hydantoinase from Microbacterium liquefaciens AJ 3912; MHP, putative hydantoin transporter from Microbacterium liquefaciens AJ 3912; MHR, hydantoin racemase from Microbacterium liquefaciens AJ 3912; N-carbamoylase, N-carbamoyl -amino acid amido hydrolase; ORF, open reading frame medium at 30 C for 18 h. Luria-Bertani (LB) medium was used for cultivation of E. coli JM 109.
Gene cloning. Chromosomal DNA was prepared from M. liquefaciens AJ 3912 using a Genomic-Tip and Genomic Buffer set (QIAGEN, Hilden, Germany). The hyuA gene was partially cloned using a LA PCR in vitro Cloning kit (Takara Bio), as described in the manufacturer's manual. The primers for this gene cloning were ATG(A/C)GXAT(A/T/C)CA(C/T)GTXAT(A/ T/C)AA(T/C)CC (first round PCR) and GTXGA(C/T)-(C/T)T(A/T/G)GA(T/C)GCXGTXGCXGA(A/G)GC-XGC (second round PCR). These were designed from the N-terminal amino acid sequence of the MHR protein determined in our previous study.
11) Southern hybridization and colony hybridization were performed on positively charged nylon membranes (Roche Diagnostics, Basel, Switzerland). A DNA probe was also prepared using a DIG Nucleotide Detection kit (Roche Diagnostics).
Expression of hyu genes in E. coli. The hyuA, hyuH, and hyuC genes were amplified from the chromosomal DNA of M. liquefaciens AJ 3912 by PCR using the following primers: hyuA upstream primer, 5
0 ; hyuC upstream primer, 5 0 -CGCGAATTCGCGAGAGG-GAGGTGTCGTCATGACGCTG-3 0 ; and hyuC downstream primer, 5 0 -CGCGGATCCAACGTCACCGGT-CAAGCGCCGTCACGA-3 0 . The fragments amplified by PCR included open reading frame (ORF) regions and original potential ribosome-binding sequences. In the hyuC fragment, the original initiation codon GTG was modified to ATG. The fragments were digested with EcoRI and BamHI, and cloned into the corresponding sites of the pUC18 vector (Takara Bio) to produce plasmids pUCMHR (for hyuA), pUCMHH (for hyuH), and pUCMCH (for hyuC). Then three groups of E. coli JM109 cells were prepared: one transformed with pUCMHR, another with pUCMHH, and a third with pUCMCH. These three groups of E. coli cells were inoculated into 3 ml of LB medium containing 0.1 mg/ ml ampicillin and cultured at 37 C for 16 h. A 1-ml portion of the culture broth was then inoculated into 50 ml of fresh LB-ampicillin medium and cultured at 30 C. Isopropyl--D-thiogalactopyranoside (IPTG) was added to the culture broth (to a final concentration of 1 mM) 3 h after this inoculation, and culture was continued for a further 6 h. The cells were harvested by centrifugation, washed with 50 mM potassium phosphate buffer (pH 7.0), suspended in a small volume of the same buffer, and disrupted by ultrasonication. The supernatant (cell-free extract), prepared by centrifugation at 20;000 Â g for 10 min, was used as the enzyme source.
Enzyme assay. HRase activity was determined by measuring the rate of racemization of 5-benzylhydantoin (BH). The conditions were defined as a reaction mixture consisting of 6 mM D-or L-BH, 50 mM potassium phosphate buffer (pH 8.0), 5 mM dithiothreitol (DTT), and the enzyme solution, which was incubated at 37 C for 0.5-2 h. Under these conditions, spontaneous racemization of the substrate appeared to be negligible. The reaction was terminated by adding phosphoric acid to a final concentration of 1% (v/v). The rate of racemization was then determined by high-performance liquid chromatography (HPLC). HPLC analysis was carried out using CHIRALPAK WH resin (Dicel Chemical Industries, Osaka, Japan): column length, 25 cm; column temperature, 50 C; mobile phase, 1 mM CuSO 4 and 5% (v/v) methanol; flow rate, 1.5 ml/min; detection, ultraviolet detector (210 nm). One unit of HRase activity was defined as the formation of 1 mmol racemized BH in 1 min. The activities of hydantoinase and N-carbamoylase were determined by measuring the rate of liberation of N-carbamoylphenylalanine from benzylhydantoin and that of Phe from N-carbamoylphenylalanine, respectively. The conditions were defined as a reaction mixture consisting of 6 mM D-or L-BH (for hydantoinase), or 6 mM N-carbamoyl D-or L-phenylalanine (for N-carbamoylase), 50 mM potassium phosphate buffer (pH 7.5), and the enzyme solution, which was incubated at 37 C for 0.5-6 h. Termination of reactions and determination of products were carried out by the same methods as those in HRase assays. One unit of enzyme activity was defined as the liberation of 1 mmol N-carbamoylphenylalanine from BH in 1 min for hydantoinase and 1 mmol Phe from N-carbamoylphenylalanine in 1 min for N-carbamoylase.
Analysis. Protein concentrations were measured by the Bradford method with bovine serum albumin as a standard.
Sequence alignment was carried out using GENETIX Ò version 7.0.1.
Results

Sequence analysis
Using primers based on the N-terminal amino acid sequence of purified MHR, a 7.5-kb fragment containing the hyuA gene was cloned and its nucleotide sequence was determined. The hyuA gene encoded a protein (MHR) of 236 amino acid residues. The initial 30 amino acid residues of this protein coincided completely with those determined from purified authentic MHR. The molecular mass of the MHR deduced from the sequence was calculated to be 25,251 Da. The amino acid sequence of this MHR exhibited homology with several known HRase proteins; in particular, it showed 80% identity with the HRase from Arthrobacter aurescens DSM 3747 (AaHyuA; Fig. 1 ). The fragment obtained also included a gene (hyuH) encoding a putative hydantoinase (459 amino acids, 49,875 Da) and another (hyuC) encoding a putative N-carbamoylase (412 amino acids, 44,025 Da) in the region downstream of the hyuA gene. The proteins with the greatest similarity to the deduced amino acid sequences of hyuH and hyuC were the L-stereoselective hydantoinase from A. aurescens (GenBank accession no. P81006) and the L-stereoselective N-carbamoylase from A. aurescens (GenBank accession no. AAG02131) respectively. Furthermore, a gene encoding a putative transporter (hyuP) was found in the 5 0 region of hyuA. This gene encoded a protein of 489 amino acid residues with a molecular mass of 53,318 Da. In addition, three putative genes (ORF1, ORF2, and ORF3) were found on the complementary chain upstream of the hyu genes. These appeared to encode a putative cytochrome P450, a putative transporter, and a putative ferredoxin respectively.
The gene organization of the 7.5 kb fragment is illustrated in Fig. 2 and the ORFs are summarized in Table 1 . All nucleotide sequences determined are shown in Fig. 3A (the region including hyuP, hyuA, hyuH, and hyuC) and Fig. 3B (the region including ORF1, ORF2, and ORF 3, complementary). The nucleotide sequence of the 3.3-kb fragment containing hyuA, hyuH, and hyuC has been deposited in the GenBank database under accession no. AX397883. The individual hyuA, hyuH, and hyuC genes have also been deposited, under accession nos. AX397877, AX397879, and AX397881 respectively.
Expression of hyu genes in E. coli
The enzyme activities of the crude extracts of recombinant E. coli JM 109 cells harboring plasmid pUCMHH, pUCMCH, or pUCMHR were measured (Table 2) . Each extract exhibited the expected enzyme Proteins.
The amino acid sequence of MHR was translated from the nucleotide sequence determined for hyuA, GenBank accession no. AX397877. The sequences used for the multiple alignment are for the hydantoin racemases from Arthrobacter aurescens DSM 3747 (AaHyuA), GenBank accession no. AAG02129; Pseudomonas sp. NS761 (PsHyuE), GenBank accession no. AAA25843; Sinorhizobium meliloti CECT 4114 (SmeHyuA), GenBank accession no. AAQ93382; and Agrobacterium tumefaciens C58 (AtHyuA and AtHyuA2), GenBank accession nos. NP 535182 and AAR07619, respectively. Overall homologies are highlighted. Asterisks indicate the two conserved cysteine residues. activity, which could not be detected in control measurements using an extract of E. coli JM 109 harboring pUC18 plasmid with no insert (data not shown). The hydantoinase in the crude extract from E. coli harboring pUCMHH plasmid acted on both Dand L-BH, but the specific activity to L-BH was 5.6 times higher than that to D-BH. On the other hand, the N-carbamoylase in the crude extract from E. coli harboring pUCMCH was L-stereospecific. These results suggest that the hyuH and hyuC genes encoded MHH and MCH respectively. In this heterologous expression study, HRase activity was most dramatically increased compared with that in crude extract of M. liquefaciens AJ 3912 (HRase 0.12 U/mg, hydantoinase 0.063 U/mg, and N-carbamoylase 0.014 U/mg, all to L-form substrates).
11,14)
Discussion
In this study, first we identified the hyuA gene, which encodes MHR. The estimated molecular mass (25,251 Da) agreed well with the apparent molecular mass of MHR as determined by SDS-PAGE in our previous study (27 kDa), 11) and was similar to those of known HRase proteins (25-27 kDa). [6] [7] [8] [9] [10] The deduced amino acid sequence of MHR showed homology with those of other HRase proteins (Fig. 1) , particularly the HRase from A. aurescens DSM 3747 (AaHyuA). The literature on AaHyuA notes the contribution of its cysteine residues to the expression of HRase activity and the existence of two highly conserved cysteine residues in the sequences of HRase proteins in general. 7) In the case of MHR, HRase activity was inhibited by cysteinemodifying reagents, 11) and the molecular subunit contains three cysteine residues at positions 77, 182, and 208. The cysteine residues at positions 77 and 182 were highly conserved among HRase proteins (Fig. 1) , inContinued on the next page. dicating that they might play an important role in the activity of MHR. As with other types of racemase, HRase activity might involve a ''two bases'' mechanism.
16) The two cysteine residues described above might function as the two bases.
Next, we detected a cluster of hyu genes in M. liquefaciens AJ 3912 (Fig. 2) . Within this cluster, we identified hyuH, which encodes a hydantoinase, and hyuC, which encodes an N-carbamoylase. The activities of these enzymes were confirmed by heterologous expression in E. coli (Table 2 ). Since MHH, MCH, and MHR were all induced by the addition of DL-5-Continued on the next page.
indolylmethyl-hydantoin to the culture medium (data not shown), the possibility that the genes encoding these three enzymes might be controlled by the same promoter was mentioned in our previous study.
11 ) The region responsible for regulating expression of the hyu genes in response to the addition of hydantoins has not yet been identified, but hyuH and hyuC appear to encode MHH and MCH respectively. Such hyu gene clusters have also been observed in Pseudomonas sp. NS761, 17, 18) A. aurescens DSM 3747, 19) and Agrobacterium sp. IP I-671. 20) Interestingly, Pseudomonas sp. NS761 and A. aurescens DSM 3747 possess putative hydantoin transporter gene in their hyu gene clusters in addition to HRase, hydantoinase, and N-carbamoylase (Fig. 2) . The putative hydantoin transporters encoded by the genes hyuP in M. liquefaciens (MHP), hyuP in A. aurescens (AaHyuP), and ORF5 in Pseudomonas sp. (PsORF5) showed similarities in their sequences Figure 3A , the sequence including hyuP, hyuA, hyuH, and hyuC (nucleotide no. 2251-7469), and Fig. 3B , the sequence including ORF1, ORF2, and ORF3 (nucletide no. 2250-1, complementary). The N-terminal amino acid sequence found in purified MHR protein is boxed. The potential ribosome-binding sequences are underlined. (Fig. 4) . The degree of matching of the sequences with MHP was 80.8% for AaHyuP and 30.1% for PsORF5. We were unable to find any other proteins that showed 30% or more homology with MHP in the protein data bank. The locations of these genes in the hyu gene clusters suggest that the putative transporter proteins The sequences shown are for the putative hydantoin transporter proteins from Microbacterium liquefaciens AJ 3912 (MHP), this study; Arthrobacter aurescens DSM 3747 (AaHyuP), GenBank accession no. AAG02128; Pseudomonas sp. NS761 (PsORF5), GenBank accession no. E42594; and the allantoin permease from Saccharomyces cerevisiae (SsDal4), GenBank accession no. CAA78826. Overall homologies are highlighted. they encode might be responsible for the uptake of hydantoin compounds, but no information on the functions of these proteins has been reported to date. At this point, we turned our attention to another protein, the allantoin permease from Saccharomyces cerevisiae (SsDal4), 21) which showed a 19.8% match with the MHP sequence (Fig. 4) . The permease isolated from S. cerevisiae has been identified as the transporter protein responsible for the uptake of allantoin, 22) which is involved in the purine metabolic pathway and has the structure of 5-ureido-hydantoin. Thus, although the homology between MHP and the allantoin permease was not very great, the similarities in their sequences were enough to suggest that MHP might be responsible for the uptake of hydantoin compounds.
In addition to the similarities in their hyuP genes, other genes encoding a putative cytochrome P450 (ORF1), a transporter homolog (ORF2) and a putative ferredoxin (ORF3) have been observed on the complementary chain located upstream of the hyu genes in A. aurescens DSM 3747, 19) as well as in M. liquefaciens AJ 3912 (Fig. 3) . However, we are unable to discuss this similarity at present because we could not judge whether it suggests a functional relationship between the ORFs and the hyu genes or was simply a coincidence due to the biological similarities between the two bacterial strains.
Finally, we carried out functional expression experiments on the hyu genes in E. coli and confirmed the functions of the proteins encoded by hyuA, hyuH, and hyuC (Table 2) . While considerable quantities of MHR were produced, the activities of neither MHH nor MCH were high. In both cases, the produced proteins were present mainly in the insoluble fractions rather than the soluble fractions, indicating the formation of inclusion bodies (data not shown). Such inclusion body formation has also been observed during heterologous expression studies on the hyuH and hyuC genes from A. aurescens DSM 3747. 23) From the industrial viewpoint, it would be useful to be able to use not only bacterial strains with native hyu genes, 24) but also recombinant strains that expressing hyu genes. 23, 25) In order to utilize recombinant strains for industrial purposes, it will be necessary to establish a strain that expresses hyu genes in optimal proportions. With this in mind, our next goal is to improve the expression of hyu genes in recombinant bacteria.
